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1
INDEPENDENT GATE VERTICAL FINFET
STRUCTURE

BACKGROUND

The present invention relates to semiconductor devices,
and more specifically, to FinFET semiconductor devices.

Conventional multi-gate FinFET semiconductor devices
include one or more semiconductor fins that extend along the
length of the FinFET device (1) to define a fin length. A fin
width (wy,,) extends perpendicular to the fin length. A gate
channel having a gate length (l;,,5) is defined between a
source (S) region and a drain (D) region. The source region
(S), gate channel (15,,%), and drain region (D) are typically
formed planar with one another. The current flows parallel to
1, between the source (S) region and the drain (D) region. To
achieve higher drive currents, conventional FinFET devices
may include multiple fins formed parallel to one another
along the width (w_) of the FinFET device as illustrated in
FIG. 1. Thus, as the demand to drive higher currents
increases, it is necessary to form additional fins on the sub-
strate.

Conventional FinFET devices are typically limited to the
integral multiple of the fin height (hy;,), for example, twice
the height of the fin (2xh,). The formation of additional fins
also increases the overall w_, Accordingly, the width quan-
tization is an inherent constraint of conventional multi-gate
FinFET devices.

SUMMARY

According to an exemplary embodiment, a semiconductor
device includes a substrate extending in a first direction to
define a substrate length and a second direction perpendicular
to the first direction to define a substrate width. A first semi-
conductor fin is formed on an upper surface of the substrate.
The first semiconductor fin extends along the second direc-
tion at a first distance to define a first fin width. A first gate
channel is formed between a first source/drain junction
formed in the substrate and a second source/drain junction
formed in the first semiconductor fin. A first gate stack is
formed on sidewalls of the first gate channel. A first spacer is
interposed between the first gate stack and the first source/
drain junction.

According to another exemplary embodiment, a method of
fabricating a semiconductor device comprises forming a sub-
strate that extends in a first direction to define a substrate
length and a second direction perpendicular to the first direc-
tion to define a substrate width. The method further includes
forming a first semiconductor fin on an upper surface of the
substrate. The first semiconductor fin extends along the sec-
ond direction at a first distance to define a first fin width. The
method further includes forming a first gate channel between
a first source/drain junction formed in the substrate and a
second source/drain junction formed in the first semiconduc-
tor fin. The method further includes forming a first spacer on
an upper surface of the first source/drain junction. The
method further includes forming a first gate stack on the first
spacer and on sidewalls of the first gate channel such that the
first spacer is interposed between the first gate stack and the
first source/drain junction.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The subject matter which is regarded as the invention is
particularly pointed out and distinctly claimed in the claims at
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2

the conclusion of the specification. The forgoing and other
features of the invention are apparent from the following
detailed description taken in conjunction with the accompa-
nying drawings. FIGS. 1-15B illustrate a process of flow of
fabricating a semiconductor device in which:

FIG. 1 is an isometric view of a conventional FinFET
semiconductor device;

FIG. 2 is a cross sectional view of a starting substrate
according to an exemplary embodiment;

FIG. 3 is a cross sectional view of the starting substrate
illustrated in FIG. 2 following a masking deposition process
that deposits a hardmask layer on an upper surface of the
starting substrate;

FIG. 4 is a cross sectional view of the substrate illustrated
in FIG. 3 following a mandrel deposition process that depos-
its a mandrel layer on an upper surface of the hardmask layer;

FIG.5A is a cross sectional view of the substrate illustrated
in FIG. 4 after patterning the mandrel layer to form individual
mandrels and after forming spacers on opposing sides of each
mandrel;

FIG. 5B is an isometric view of the substrate illustrated in
FIG. 5A illustrating mandrels and spacers extending along a
width of the substrate;

FIG. 6 is cross sectional view of the substrate illustrated in
FIGS. 5A and 5B following a mandrel pull process that
removes the mandrels from between the spacers;

FIG. 7 is cross sectional view of the substrate illustrated in
FIG. 6 following an etching process that etches the hardmask
layer and underlying substrate to form individual semicon-
ductor fins;

FIG. 8A is a cross sectional view of the substrate illustrated
in FIG. 7 following removal of the spacers from the upper
surface of each semiconductor fin;

FIG. 8B is an isometric view of the substrate illustrated in
FIG. 8 A showing the semiconductor fins extending along the
width of the substrate at different lengths to define different
fin widths with respect to one another;

FIG. 9 is a cross sectional view of the substrate illustrated
in FIGS. 8A and 8B following a block mask deposition pro-
cess that deposits a block mask that covers exposed portions
of the substrate and the semiconductor fins;

FIG. 10 is a cross sectional view of the substrate illustrated
in FIG. 9 following a selective patterning process that exposes
a single semiconductor fin and a portion of the substrate;

FIG. 11 is a cross sectional view of the substrate illustrated
in FIG. 10 undergoing an ion implantation process that
implants doped ions into a portion of the exposed substrate
and a portion of the exposed semiconductor fin;

FIG. 12 is a cross sectional view of the substrate illustrated
in FIG. 11 illustrating source/drain junctions formed in the
exposed substrate and exposed semiconductor fin following
the ion implantation process;

FIG. 13A is a cross sectional view of the substrate illus-
trated in FIG. 12 following a selective patterning and ion
implantation process to form source/drain junctions having
varying depths on remaining portions of the substrate and the
remaining semiconductor fins;

FIG. 13B is an isometric view of the substrate illustrated in
FIG. 13 A showing the source/drain junctions extending along
the width of the substrate and the fin widths;

FIG. 14 is an isometric view of the substrate illustrated in
FIGS. 13A-13B following deposition of a conformal spacer
layer on the upper surface of the substrate and the upper
surface and sidewalls of the semiconductor fins;

FIG. 15 is an isometric view of the substrate illustrated in
FIG. 14 after etching the conformal spacer layer to form
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spacers on the source/drain junction of the substrate and the
gate channel of semiconductor fins;

FIG. 16A illustrates the substrate of FIG. 15 following
deposition of a polysilicon block layer that covers exposed
portions of the substrate and the semiconductor fins;

FIG. 16B is an isometric view of the substrate illustrated in
FIG. 16A illustrating the polysilicon block layer extending
along the width of the substrate;

FIG.17A is a cross-sectional view illustrating the substrate
of FIGS. 16A and 16B following a patterning process that
patterns the polysilicon block layer to form individual gate
stacks on a respective side wall of the gate channel and on an
upper surface of a respective spacer; and

FIG. 17B is an isometric view of substrate illustrated in
FIG. 17A illustrating the spacers extending along the fin
widths and being interposed between a respective gate stack
and source/drain junction.

DETAILED DESCRIPTION

Referring to FIG. 2, a semiconductor structure 100
includes a bulk semiconductor substrate 102 extending along
an X-axis to define a height, and a Y-axis perpendicular to the
X-axis to define a length. The bulk semiconductor substrate
102 may be formed from a semiconductor material such as
silicon (Si), for example.

Turning to FIG. 3, a hardmask layer 103 is formed on an
upper surface of the bulk semiconductor substrate 102. The
hardmask layer 103 may be formed using chemical vapor
deposition (CVD) and may be formed from a nitride mask
material as understood by those ordinarily skilled in the art.

Referring to FIG. 4, a mandrel layer 104 is formed on an
upper surface of the hardmask layer 103. The mandrel layer
104 can be formed by CVD of silicon oxide (SiO,). Further,
the mandrel layer 104 may be formed from a material having
a composition different from the hardmask layer 103 to
achieve an etching selectivity. The material of the mandrel
layer 104 includes, but is not limited to, photoresist, polycrys-
talline silicon, silicon oxide, silicon nitride, and silicon ger-
manium.

Referring now to FIG. 5A, the mandrel layer 104 is pat-
terned to form a plurality of individual mandrels 106. One or
more portions of the mandrel layer 104 may be patterned
using various processes including but not limited to, lithog-
raphy, to form a one or more trenches 108. Accordingly, each
individual mandrel 106 is separated from one another by a
trench 108. The mandrel layer 104 may also be patterned to
adjust the width of one or more of individual mandrels 106
extending along the Z-axis as illustrated in FIG. 5B. The
patterned width of each mandrel 106 may define the width of
a respective fin to be formed on the semiconductor device
100, as discussed in greater detail below. Spacers 107 are
formed at the sides of each individual mandrel 106. The
spacers may be formed using a lithography process and a
sidewall image transfer (SIT) process as understood by those
ordinarily skilled in the art.

Turning now to FIG. 6, a mandrel pull process is performed
that removes the individual mandrels 106. The mandrel pull
process creates additional trenches 108 between the indi-
vidual spacers 107.

Referring to FIG. 7, the individual spacers 107 may be
utilized to etch fin trenches 110 into the bulk semiconductor
substrate 102. The fin trenches 110 may be formed using an
SIT process as understood by those ordinarily skilled in the
art. The etched fin trenches 110 define one or more semicon-
ductor fins 112'-112"". Since the fins 112'-112"" are patterned
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4
into the bulk semiconductor substrate 102, the fins 112'-112""
and the semiconductor bulk substrate 102 are formed from the
same material, such as Si.

Turning to FIG. 8A, the individual spacers 107 may be
removed thereby exposing individual hardmask caps 103'-
103"" formed on an upper surface of a respective fin 112'-
112"". The hardmask caps 103 may have a thickness of, for
example, approximately 3 nanometers (nm) to 5 nm. Various
procedures may be performed to remove the spacers 107
including, but not limited to, an etch chemistry process. The
fins 112'-112"" extend along the Z-axis to define a fin width
(Wgpy) as illustrated in FIG. 8B. The w;,, of one or more of
the fins 112'-112"" may be defined according to the width of
a respective spacer 107. Accordingly, the w,,; of one fin
112'-112"" may be adjusted with respect to the remaining fins
112'-112"". Referring to FIG. 8B, for example, a first fin 112'
may have a W, that is less than a w,;of a second fin 112"".
Therefore, the semiconductor device 100 may be formed as a
multi-gate FinFET having a flexible and adjustable fin width
design.

In addition to adjusting wy,,, of one or more of the fins
112'-112"", a gate length of the semiconductor device 100
may also be adjusted by forming source (S) and drain (D)
junctions having varying depths. A process flow of forming a
multi-gate FinFET having varied gate lengths and S/D junc-
tion depths is illustrated in FIGS. 9-17B and is discussed in
greater detail below.

Referring now to FIG. 9, the semiconductor device 100
illustrated in FIGS. 8 A-8B undergoes a mask deposition pro-
cess which deposits a block mask 114 that covers the trenches
110 and the fins 112'-112""". The block mask 114 is configured
to block doping ions from penetrating therethrough and
reaching the underlying semiconductor material of the bulk
semiconductor substrate 102 and fins 112'-112"". According
to at least one exemplary embodiment, the block mask 114
may be formed from various materials selectable to lithogra-
phy patterning as understood by those ordinarily skilled in the
art.

Turning to FIG. 10, a portion of the block mask 114 is
patterned to expose a first fin 112" and a first semiconductor
substrate portion 102'. Various well-known lithography pro-
cesses may be used to pattern the block mask 114. Accord-
ingly, only a single fin 112" and selected semiconductor sub-
strate portion 102' are exposed, while the remaining fins
112"-112"" and remaining bulk semiconductor substrate 102
remains covered by the block mask 114.

Referring now to FIG. 11, an ion implantation process is
applied to the semiconductor device 100 to form source/drain
(S/D) junctions. The ions may penetrate through the hard-
mask caps 103 and may be implanted according to a self-
aligned, 0 degree ion implantation process. However, it is
appreciated that the ions may be implanted at angles to more
precisely form the resulting S/D junctions. The energy level
of'the ion source may also be adjusted to vary depths at which
the ions are implanted in the exposed first fin 112' and first
semiconductor substrate portion 102'. The ions selected for
the ion implantation process may be selected according to the
doping type of the bulk semiconductor substrate 102 and fins
112'-112"". For example, if the bulk semiconductor substrate
102 and fins 112'-112"" are doped with a P-type material
(e.g., phosphorus), the ions may be N-type ions (e.g., boron)
to form N-type S/D junctions (i.e., an NFET). If, however, the
bulk semiconductor substrate 102 and fins 112'-112"" are
doped with an N-type material (e.g., boron), the ions may be
P-type ions (e.g., phosphorus) to form P-type S/D junctions
(i.e., a PFET).
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As illustrated in FIG. 12, the ion implantation process
forms a source junction 116' and a drain junction 118' corre-
sponding to the first fin 112'. It is appreciated by one of
ordinary skill in the art that the locations of the source junc-
tion 116' and a drain junction 118' may be interchanged. As
further illustrated in FIG. 12, the source junction 116' and the
drain junction 118" have a first depth level formed according
to the energy level selected for performing the corresponding
ion implantation process. Unlike a conventional FinFET
device, which forms the source (S) and drain (D) junctions to
be planar with respect to one another (see FIG. 1), at least one
exemplary embodiment of the invention provides a source
junction 116 and a drain junction 118 that is vertically off-set
with-respect to one another.

Turning now to FIGS. 13A and 13B, the semiconductor
device 100 is illustrated following multiple ion implantation
processes to form source junctions 116'-116"" and drain junc-
tions 118'-118"" corresponding to each fin 112'-112"". It is
appreciated by one of ordinary skill in the art, that the S/D
junctions corresponding to each fin 112'-112"" may be
formed by performing multiple block mask deposition and
block mask patterning procedures (not shown) as described in
detail above. Each block mask deposition and patterning pro-
cedure selectively exposes a single fin and corresponding
semiconductor substrate portion 102", which are implanted
with ions according to the ion implantation process described
in detail above. As further illustrated in FIGS. 13A-13B, the
energy levels of each ion implantation process may be varied
to thereby form S/D junctions having different depth levels
with respect to one another. For example, the source junction
116' and the drain junction 118" of the first fin 112" have a first
depth level that is shallower than the depth level of the source
junction 116" and the drain junction 118" of a third fin 112"".

One or more of the doped S/D junctions may also be
utilized as an isolation junction that electrically isolates adja-
cent fins from one another and/or from remaining portions of
the bulk semiconductor substrate 102 to define a gate channel.
Still referring to FIGS. 13A-13B, for example, an isolation
region 120 is formed in the bulk semiconductor substrate 102.

Referring still to FIGS. 13A-13B, each S/D junction
defines a respective gate channel 122'-122"". Conventional
multi-gate FinFETs form a gate channel having a channel
length that extends parallel (i.e., horizontally along the
X-axis) and planar with respect to the S/D junctions (see FIG.
1). Unlike conventional multi-gate FinFETs, at least one
embodiment of the invention provides a gate channel 122'-
122"" having a channel length that extends vertically along
the Y-axis. Therefore, unlike a conventional FinFET device,
which forms the gate channel to be parallel and planar
between the source (S) and drain (D) junctions (see FIG. 1), at
least one embodiment of the invention forms the gate channel
122'-122"" as non-planar and extending perpendicular with
respect to at least one of the source junction 116'-116"" and
the drain junction 118'-118"".

As further illustrated in FIGS. 13A-13B, the length (15, )
of each gate channel 122'-122"" is defined by the depth level
of the respective source junction 116'-116"" and drain junc-
tion 118'-118"". That is, the at least one exemplary embodi-
ment of the invention provides a multi-gate FinFET with an
adjustable 1, ;. The gate channel length, therefore, is inde-
pendent with respect to the fin height such that desirable
voltage threshold (Vt) shift may be achieved through back
biasing. Although the semiconductor device 100 illustrated in
FIGS. 13A-13B shows gate channels 122 formed of a com-
mon doped material, it is appreciated that one or more of the
gate channels may be isolated to form gate channels formed
of'a different doping material. For example, a first gate chan-
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nel may be isolated and formed as an N-type semiconductor
material to provide a PFET device, while an adjacent gate
channel may be formed as a P-type semiconductor material to
provide an NFET device. The various types of semiconductor
materials may be formed using, for example, ion implantation
as understood by those ordinarily skilled in the art.

Turning to FIG. 14, a conformal spacer layer 123 is depos-
ited on the upper surface of the semiconductor substrate 102
and the upper surface and sidewalls of the semiconductor fins
112'-112"". The conformal spacer layer 123 may be formed
from various materials including, but not limited to, silicon
nitride (SiN), silicon carbide containing boron (SiBCN) and
silicon carbide containing oxygen (SiOCN).

Referring now to FIG. 15, the conformal spacer layer 123
is etched to form spacers 125 on the source junctions 116'-
116"" and drain junctions 118'-118"" of the semiconductor
substrate 102. A portion of the spacers 125 are also formed on
a respective gate channel 122'-122"" of semiconductor fins
112'-112"". Although FIG. 15 illustrates spacers 125 formed
ononly sidewalls of a respective gate channel 122'-122"" and
extending along the width of a respective fin 112'-112"", it is
appreciated that the conformal spacer layer 123 may be
etched such that a spacer 125 is formed on all sides of a
respective gate channel 122'-122"".

Referring now to FIGS. 16 A-16B, a polysilicon block layer
124 is deposited on an upper surface of semiconductor struc-
ture 100. The polysilicon block 124 may cover the gate chan-
nel 122'-122"", the source junction 116'-116"", the drain
junction 118'-118"", the isolation region 120, and the fins
112'-112"". In addition, a portion of the polysilicon block
layer 124 is separated from the source/drain junctions via a
respective spacer 125. The polysilicon block layer 124 may
be formed from various polysilicon materials configured to
form one or more gate stacks as understood by those ordi-
narily skilled in the art. It is appreciated that an intermediate
process may be performed to form a high-k dielectric layer
and metal gate layer on sidewalls of each gate channel 122'-
122"" prior to depositing the polysilicon block layer 124. It is
appreciated that at least one embodiment may include form-
ing a high-k dielectric layer and metal gate layer on sidewalls
of'each gate channel 122'-122"" prior to depositing the poly-
silicon block layer 124.

Turning to FIGS. 17A-17B, the polysilicon block layer 124
is patterned to form individual gate stacks 126'-126"". Each
gate stack 126'-126"" corresponds to a respective fin 112'-
112"". Various gate stack patterning processes may be used to
form the individual gate stacks 126'-126"" as understood by
those ordinarily skilled in the art. It is appreciated that a
high-k dielectric layer and a metal gate layer may be inter-
posed between each gate channel 122'-122"" and a respective
gate stack 126'-126"".

As further illustrated in FIGS. 17A-17B, each spacer 125 is
interposed between a respective gate stack 126'-126"" and a
respective junction 116'-116"" formed in the substrate 102.
The thickness of the spacers 125 (i.e., the distance extending
in the direction of the Y-axis) may range, for example, from
approximately 3 nanometers (nm) to approximately 5 nm. In
this regard, an effective dielectric region is increased between
a gate stack 126'-126"" and a respective junction 116'-116""
formed in the substrate 102. Accordingly, the capacitance
coupling between a gate channel 122'-122"" and a respective
junction 116'-116"" formed in the semiconductor substrate
102 may be reduced.

As illustrated in FIGS. 17A-17B, the semiconductor
device 100 may be formed as a multi-gate FinFET including
at least one fin 112'-112"" having a fin width (Wg,,,) that is
different with respect to a W, 0f one or more remaining fins



US 9,190,466 B2

7

112'-112"". Accordingly, the drive current provided by the
semiconductor device 100 may be more precisely controlled
by adjusting wy;,, of one or fins 112'-112"", as opposed to
adding additional semiconductor fin structures to the semi-
conductor device. Although FIGS. 17A and 17B illustrate a
gate stack 126'-126"" formed on sidewalls of a respective gate
channel 122'-122"", and extending along the width of a
respective fin 112'-112"", itis appreciated that the polysilicon
block layer 124 may be etched such that a gate stack 126'-
126"" is formed on all sides of a respective gate channel
122'-122"".

As further illustrated in FIGS. 17A-17B, the semiconduc-
tor device 100 may be formed as a multi-gate FinFET that
includes at least one gate channel 122'-122"" that has a gate
length (1;,,5) that is different with respect to a gate length of
one or more remaining gate channels 122'-122"". Therefore,
unlike a conventional multi-gate FinFET where the current
flows in a planar direction and parallel to the gate channel
between the source (S) and the drain (D), the current (i)
flowing in a multi-gate FinFET formed by semiconductor
device 100 flows in a non-planar direction. For example, the
current may originate at a first source junction 116', and flow
vertically through a first gate channel 122' such that the cur-
rent is collected by a first drain junction 118'. Therefore,
unlike a conventional FinFET device, which flows the current
in a planar direction along the length of the substrate perpen-
dicular to the width of the fins 112'-112"" (see FIG. 1), the
semiconductor device 100 flows the current vertically in a
non-planar direction.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises” and/or “com-
prising,” when used in this specification, specify the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one more other features, integers, steps, operations, ele-
ment components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the inven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

The flow diagrams depicted herein are just one example.
There may be many variations to this diagram or the steps (or
operations) described therein without departing from the
spirit of the invention. For instance, the steps may be per-
formed in a differing order or steps may be added, deleted or
modified. All of these variations are considered a part of the
claimed invention.

While the preferred embodiment to the invention had been
described, it will be understood that those skilled in the art,
both now and in the future, may make various improvements
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and enhancements which fall within the scope of the claims
which follow. These claims should be construed to maintain
the proper protection for the invention first described.

What is claimed is:
1. A method of fabricating a semiconductor device, the
method comprising:
forming a substrate that extends in a first direction to define
a substrate length and a second direction perpendicular
to the first direction to define a substrate width;

forming a first semiconductor fin on an upper surface ofthe
substrate, the first semiconductor fin extending along the
second direction a first distance to define a first fin width;

forming a first gate channel between a first source/drain
junction formed in the substrate and a second source/
drain junction formed in the first semiconductor fin;

forming a first spacer on an upper surface of the first
source/drain junction; and

forming a first gate stack on the first spacer and on side-

walls of the first gate channel such that the first spacer is
interposed between the first gate stack and the first
source/drain junction.

2. The method of claim 1, further comprising:

forming a second semiconductor fin formed on the upper

surface of the substrate, the second semiconductor fin
extending along the second direction a second distance
that is different than the first distance;

forming a second gate channel between a third source/

drain junction formed in the substrate and a fourth
source/drain junction formed in the second semiconduc-
tor fin;

forming a second spacer on an upper surface of the third

source/drain junction; and

forming a second gate stack on the second spacer and on

sidewalls of the second gate channel such that the second
spacer is interposed between the second gate stack and
the third source/drain junction, the first spacer config-
ured to reduce capacitance coupling between the first
gate channel and the first source/drain junction, and the
second spacer configured to reduce capacitance cou-
pling between the second gate channel and the third
source/drain junction.

3. The method of claim 2, further comprising controlling a
drive current flowing through the semiconductor device by
varying the first fin width of the first semiconductor fin with
respect to the second fin width of the second semiconductor
fin.

4. The method of claim 3, further comprising forming the
first fin width to be less than the second fin width.

5. The method of claim 3, further comprising forming first
fin width to be greater than the second fin width.

6. The method of claim 3, wherein at least one of the first
and second gate channels is non-planar with respect to at least
one respective source/drain junction.

7. The method of claim 6, further comprising forming the
first gate channel to have a first gate length, and forming the
second gate channel to have a second gate length that is
different from the first gate length.

8. The method of claim 7, further comprising implanting
the second source/drain junction in an upper surface of the
first semiconductor fin at a first depth to define the first gate
length, and implanting the fourth source/drain junction in an
upper surface of the second semiconductor fin at a second
depth different from the first depth to define the second gate
length.



